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Abstract
In higher plants, the Dof transcription factors that harbour a conserved plant-speciﬁc DNA-binding domain function
in the regulation of diverse biological processes that are unique to plants. Although these factors are present in both
higher and lower plants, they have not yet been characterized in lower plants. Here six genes encoding Dof
transcription factors in the moss Physcomitrella patens are characterized and two of these genes, PpDof1 and
PpDof2, are functionally analysed. The targeted disruption of PpDof1 caused delayed or reduced gametophore
formation, accompanied by an effect on development of the caulonema from the chloronema. Furthermore, the
ppdof1 disruptants were found to form smaller colonies with a reduced frequency of branching of protonemal
ﬁlaments, depending on the nutrients in the media. Most of these phenotypes were not apparent in the ppdof2
disruptant, although the ppdof2 disruptants also formed smaller colonies on a particular medium. Transcriptional
repressor activity of PpDof1 and PpDof2 and modiﬁed expression of a number of genes in the ppdof disruptant lines
were also shown. These results thus suggest that the PpDof1 transcriptional repressor has a role in controlling
nutrient-dependent ﬁlament growth.
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Introduction
Dof transcription factors are deﬁned by the presence of
a Dof DNA-binding domain that includes a C2C2-type zinc
ﬁnger and is regarded as being plant speciﬁc due to its
unique amino acid sequence. The Dof DNA-binding domain
was initially identiﬁed in transcription factors from a mono-
cot, maize (Yanagisawa and Izui, 1993; Yanagisawa, 1995),
and then in a number of plant proteins from a variety of
higher plants (reviewed in Yanagisawa, 2002, 2004). All
known Dof transcription factors have a single copy of the
Dof domain, which is located within the N-terminal regions
of the respective proteins in general, but very divergent amino
acid sequences outside of this domain. As the Dof DNA-
binding domain is highly conserved among Dof transcription
factors, these proteins bind the AAAG sequence motif
similarly in a sequence-speciﬁc manner (Yanagisawa and
Schmidt, 1999). Furthermore, some Dof domains have been
shown to be involved not only in DNA recognition but also
in speciﬁc protein–protein interactions, namely the inter-
actions with nuclear high-mobility group (HMG) proteins
(Yanagisawa, 1997; Krohn et al., 2002) and particular
transcription factors including bZIP and MYB proteins
(e.g. Zhang et al., 1995; Vicente-Carbajosa et al.,1 9 9 7 ;
Diaz et al., 2002; Washio, 2003). Hence, the Dof transcrip-
tion factors show versatility and, regardless of their very
similar DNA recognition properties, are thought to be
capable of regulating particular gene promoters via speciﬁc
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et al., 2006). Indeed, some Dof transcription factors have
been shown to act as a transcriptional activator or a repressor
and to modulate the activity of particular gene promoters in
plant cells (e.g. Mena et al., 1998; Yanagisawa and Sheen,
1998; Diaz et al., 2002; Martı ´nez et al., 2005; Yamamoto
et al., 2006).
A number of previous studies have already suggested that
angiosperm Dof transcription factors are involved in the
control of a variety of biological processes including tissue-
or cell type-speciﬁc expression in leaves, endosperm, and
stomata guard cells, stress responses, light responses or
phytochrome signalling, seed maturation and germination,
and plant hormone responses (reviewed in Yanagisawa,
2002). Furthermore, Dof transcription factors have also been
suggested to be involved in the expression of genes associated
with carbon ﬁxation and nitrogen assimilation (Yanagisawa
and Sheen, 1998; Yanagisawa, 2000; Rueda-Lo ´pez et al.,
2008; Tanaka et al.,2 0 0 9 ), photoperiodic ﬂowering (Imaizumi
et al., 2005; Iwamoto et al.,2 0 0 9 ; Li et al., 2009), secondary
metabolism (Skirycz et al.,2 0 0 6 , 2007), lipid metabolism in
seeds (Wang et al.,2 0 0 7 ), leaf axial patterning (Kim et al.,
2010), vascular development (Konishi and Yanagisawa, 2007;
Guo et al., 2009; Gardiner et al., 2010), cell cycle regulation
(Skirycz et al., 2008), and the control of abscission (Wei
et al., 2010). The suggested roles of Dof transcription
factors are divergent, but most are tightly associated with
plant-speciﬁc biological processes, some of which are com-
mon in all plant species and others which are unique to
vascular or ﬂowering plants.
The Dof transcription factors are present not only in
higher plants (vascular plants) but also in lower plants. For
instance, Arabidopsis and rice harbour 37 Dof transcription
factor genes including one pseudogene (Yanagisawa, 2002)
and 30 Dof transcription factor genes (Lijavetzky et al.,
2003), respectively. Dof transcription factor genes have also
been found in the genome of the moss Physcomitrella patens
and the green alga Chlamydomonas reinhardtii.I nt h e
P. patens and C. reinhardtii genomes, 19 genes and a single
Dof transcription factor gene have been found, respectively
(Moreno-Risueno et al., 2007; Shigyo et al., 2007). Because
no identiﬁable Dof transcription factor gene was found in
the genomes of a red alga Cyanidioschyzon merolae and
a diatom Thalassiosira pseudonana, the origin of these
transcription factors has been suggested to pre-date the
divergence of the green algae and the ancestors of terrestrial
plants (Shigyo et al., 2007). Accordingly, the multiplication
of Dof transcription factor genes appears to be linked with
the emergence of diverse transcriptional regulation mecha-
nisms during the course of plant evolution, and some Dof
transcription factors might play conserved roles in both
higher and lower plants. However, further elucidation of
this hypothesis awaits the cloning of Dof transcription
factor genes from lower plants.
The moss P. patens is used as a model plant as it shares
many physiological processes with higher plants (Cove
and Knight, 1993; Cove, 2005; Rensing et al.,2 0 0 8 ), and
gene targeting methods for this organism have been fully
developed (Schaefer and Zry ¨d, 1997; Reski, 1998). In the
life cycle of P. patens, a spore develops into a protonema,
which is a ﬁlamentous structure composed of two types of
cells, chloronema and caulonema. In the protonemal colony,
the ﬁlaments of the chloronemal cells, which are more
photosynthetically active with well-developed chloroplasts,
are initially formed. Filaments of caulonemal cells that con-
tain fewer and smaller chloroplasts emerge later. The apical
cells of chloronemal ﬁlaments extend at a rate of 2–5 lmh
 1
and divide every 22–26 h, whereas the apical cells of the
caulonemal ﬁlaments extend at a rate of 25–40 lmh
 1 and
divide every 6–8 h (Cove, 2005). The protonemal colonies
spread efﬁciently via the rapid radial growth of caulonemal
ﬁlaments. Although protonemal ﬁlaments generally prolifer-
ate through tip growth of their apical cells, they also generate
side branches from the subapical cells. Because some side
branches of the initial cells of the caulonemal ﬁlaments can
differentiate into buds and some buds further develop into
gametophores (i.e. leafy shoots with sexual organs), the
differentiation of the chloronema into the caulonema is the
ﬁrst step of the entry into the reproduction stage (Cove,
2005).
In the present study, the P. patens Dof transcription
factor genes are characterized. A previous phylogenetic
analysis using the amino acid sequences of the Arabidopsis,
rice, P. patens,a n dC. reinhardtii Dof domains revealed
three distinct groups, namely A-type, B-type, and C-type
Dof domains (Shigyo et al., 2007). The group A-type Dof
domain sequences are unique to C. reinhardtii, as well as to
six Dof domains from P. patens and seven Dof domains
from Arabidopsis. In the current analyses, the focus is on
the P. patens genes that encode the group A-type Dof
domain, particularly PpDof1 and PpDof2. The phenotypic
analysis reveals that the disruption of PpDof1 induces
abnormal vegetative growth, accompanied by reduced ﬁla-
ment branching and gametophore formation, and smaller
sized colonies. Some of these phenotypes were found to be
dependent on carbon and nitrogen nutrients in the media,
suggesting involvement of PpDof1 in growth control of
protonemal ﬁlaments in response to environmental nutrient
conditions.
Materials and methods
Growth conditions
Physcomitrella patens (Hedw.) Bruch & Schimp. subsp. patens Tan
(Ashton and Cove, 1977) was used. The protonema of wild-type
and transformed P. patens was grown on cellophane-covered agar
plates at 25  C under a day/night cycle of 16/8 h with ;50 lE light.
BCD medium (1 mM MgSO4, 1.84 mM KH2PO4, 10 mM KNO3,
45 lM FeSO4, 0.22 lM CuSO4,1 0lMH 3BO3, 0.23 lM CoCl2,
0.1 lMN a 2MoO4, 0.19 lM ZnSO4,2lM MnCl2, 0.17 lM KI,
1 mM CaCl2) was used as standard medium. Media that were
essentially BCD medium supplemented with 0.5% glucose and
5 mM ammonium tartrate, or 5 mM ammonium tartrate alone,
were also used. Hereafter, these media are referred to as BCD
medium supplemented with ammonium and glucose and BCD
medium supplemented with ammonium. The regeneration medium
was the same as BCD medium supplemented with ammonium,
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CaCl2 instead of 1 mM CaCl2.
Determination of the structures of PpDof1–PpDof6
Full-length cDNA clones for PpDof1–PpDof4 and PpDof6 (identi-
ﬁcation numbers pdp31562, pdp36135, pdp02416, pdp17798, and
pdp13251, respectively) were provided by the RIKEN Bioresource
center (Tsukuba, Japan). The DNA sequences determined using
these clones have been deposited in GenBank (accession numbers:
AB626697, AB626698, AB626699, AB626700, and AB626701). The
cDNA clones for PpDof5 were isolated separately by PCR ampli-
ﬁcation of the 5#- and 3#-terminal halves. The 5’-terminal half was
ampliﬁed using the primers listed in Supplementary Table S4
available at JXB online, whereas the cDNA for the 3’-terminal half
was obtained using a 3’ RACE (rapid ampliﬁcation of cDNA ends)
system (Invitrogen, Carlsbad, CA, USA) and subsequent PCR
ampliﬁcation. The sequences of the cDNA clones were merged to
identify the complete open reading frame (ORF). The GenBank
accession numbers of the PpDof5 cDNA clones are AB626702 and
AB626703. Alignments of deduced amino acid sequences were
performed using the ClustalW program in the Genetyx computer
software (Genetyx Corporation, Tokyo, Japan).
RT-PCR
Preparations of total RNA, reverse transcription reactions, and
quantitative and semi-quantitative PCR were undertaken as de-
scribed previously (Konishi and Yanagisawa, 2008, 2010). The
primers used are listed in Supplementary Table S3 at JXB online.
Generation of P. patens disruptants
For the isolation of genomic clones for PpDof1 and PpDof2, PCR
was performed using the wild-type P. patens genomic DNA and
the primers listed in Supplementary Table S4 at JXB online. The
1.4 kb and 1.6 kb PCR products that included a 150 bp sequence
encoding the Dof domain were cloned into pGEM-T (Promega,
Madison, WI, USA). For the construction of gene targeting vectors,
the Dof domain sequences in the PpDof1 and PpDof2 inserts of the
resultant plasmids were replaced with the 35S promoter-driven
hygromycin resistance gene of pHTS14, and the 35S promoter-
driven kanamycin resistance gene of pTN80, respectively, as positive
selection markers. The structures of pHTS14 and pTN80 are
describedathttp://www.nibb.ac.jp/evodevo/5-Appendix3.html.Tr an -
sformation of P. patens with these targeting vectors was performed
using the polyethylene glycol method (Schaefer and Zry ¨d, 1997).
The transformants were then selected on agar plates containing
BCD medium supplemented with ammonium and kanamycin or
hygromycin B.
Phenotypic analysis
Histological analyses were performed using either a stereomicro-
scope (MZ16F, Leica Microsystems K.K., Tokyo, Japan) or a light
microscope equipped with Nomarski optics (BX51, Olympus Co.,
Tokyo, Japan). For growth analysis, the protonema was regen-
erated from single protoplasts on cellophane-covered agar plates
containing regeneration medium and grown for 4 weeks, and then
transferred onto cellophane-covered plates containing BCD medium,
BCD medium supplemented with ammonium, or BCD medium
supplemented with ammonium and glucose. The protonema was
grown further with a cellophane cover to promote growth in an
even direction. The areas occupied by the protonemal colonies
were measured using ImageJ software (http://rsb.info.nih.gov/ij).
The ratios of chloronema cells to caulonema cells in the protonema
that were regenerated from single protoplasts by a 3 d cultivation on
regeneration medium plates and subsequent 8 d cultivation on the
plates containing BCD medium, BCD medium supplemented with
ammonium and glucose, or BCD medium supplemented with
ammonium, were measured.
Transient assay using maize protoplasts
A reporter construct was generated by insertion of eight copies of
the LexA-binding sites (Yanagisawa et al., 2003) between the 35S
enhancer (position –45 to –421) and the 35S minimal promoter
truncated at –72 that was fused to the luciferase (LUC) gene.
Effector constructs were generated by replacement of the sequence
encoding the VP16 transcriptional activation domain in the
expression vector of the LexA–VP16 synthetic transcription factor
(Yanagisawa et al.,2 0 0 3 ) with a MYC tag sequence, the repressor
domain of SUPERMAN (Hiratsu et al., 2002), or the entire coding
region for PpDof1 or PpDof2. Reporter and effector constructs
were co-transfected into maize protoplasts together with an internal
control plasmid that contained uidA [b-glucuronidase (GUS) gene]
under the control of the maize ubiquitin promoter, as described pre-
viously (Yanagisawa, 2000). LUC and GUS activity was measured
as described previously (Konishi and Yanagisawa, 2008).
Screening of differentially expressed genes in the double
disruptant lines
Probes for use with a 44K microarray were designed using the
application software, eArray, of Agilent Technologies (https://
earray.chem.agilent.com/earray/) and were based on the data for
P. patens cDNAs that are publically provided by the Joint Genome
Institute (http://genome.jgi-psf.org/Phypa1_1/Phypa1_1.home.html).
As the arrays contain 35 938 cDNAs, one or two probes were
designed for each of these sequences. For DNA microarray analysis,
total RNA from the protonema of the wild-type P. patens and the
ppdof1 ppdof2 double disruptants was used for ampliﬁcation and
labelling with a Low RNA Input Linear Ampliﬁcation/Labeling
kit (Agilent Technologies). Hybridization was conducted according
to the protocol recommended by the supplier. The glass slides
were scanned using a microarray scanner (G2565BA, Agilent
Technologies). More than 3-fold up-regulated and down-regulated
genes were selected using four sets of data obtained with in-
dependent samples, and signiﬁcant differences between the values
obtained with the wild-type P. patens and the ppdof1 ppdof2
disruptant were evaluated using the t-test (n¼4).
Results
Structure and expression of the PpDof1–PpDof6 genes
Six DNA sequences encoding the group A-type Dof domain
were previously identiﬁed in the P. patens genome and
denoted PpDof1–PpDof6 (Shigyo et al., 2007). To reveal
the primary structures of the products encoded by these
putative genes, the corresponding full-length cDNA clones
were obtained from a public bioresource centre, except for
the PpDof5 cDNA which was isolated by RT-PCR. The
DNA sequences of these cDNA clones were determined and
the primary structures of the PpDof1–PdDof6 proteins,
which are composed of 502, 497, 593, 593, 637, and 645
amino acid residues, respectively, were deduced from the
complete ORFs in these cDNA clones (Fig. 1A). An align-
ment of these amino acid sequences revealed remarkably
high similarities outside the Dof domain between PpDof1
and PpDof2, PpDof3 and PpDof4, and PpDof5 and
PpDof6, in addition to a high level of conservation within
the Dof domains (Fig. 1A). This indicated that the P. patens
genes encoding the group A-type Dof domain comprised
Roles of PpDof1 in P. patens | 3187Fig. 1. Physcomitrella patens genes encoding the group A-type Dof domain. (A) Alignment of the deduced amino acid sequences of
PpDof1–PpDof6. Amino acid sequence motifs similar to small structural motifs that were previously found in the N-terminal regions of
angiosperm group-A Dof factors are indicated by boxes I and II. The Dof domains are indicated by box III. Amino acid sequences that are
conserved in PpDof1–PpDof4 are indicated by box IV. Two amino acid sequence motifs similar to small structural motifs that were found
in the C-terminal regions of Arabidopsis CDF1–CDF3 are indicated by boxes V and VI. (B) Schematic representation of the intron–exon
structures of PpDof1–PpDo6 genes. Exons and introns are indicated by boxes and bars, respectively. The 5#- and 3#-untranslated
regions, coding regions, and the sequence encoding the Dof domain are indicated by white, grey, and black boxes, respectively.
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phylogenic analysis using amino acid sequences for Dof
domains alone (Shigyo et al., 2007). The intron–exon struc-
tures, which were determined by comparison of the cDNA
sequences with the corresponding genomic DNA sequences,
also supported these paired relationships (Fig. 1B). These
results were also in good agreement with the conclusions of
a recent genome analysis that a large-scale or genome-wide
duplication event had occurred in P. patens (Rensing et al.,
2008).
Although the primary structures, apart from the Dof
domain, are largely divergent among the Dof transcription
factors in general, small structural motifs that can be hall-
marks used for the classiﬁcation of Dof transcription factors
are conserved in some members of this family (Yanagisawa,
2002; Lijavetzky et al., 2003). Two small structural motifs
that are speciﬁcally present in the N-terminal regions of
angiosperm Dof transcription factors with the group A-type
Dof domain, which are referred to as group-A Dof factors
hereafter, were found in the N-terminal regions of PpDof1–
PpDof6 (Fig. 1A, boxes I and II), conﬁrming the close
relationship between PpDof1–PpDof6 and the angiosperm
group-A Dof factors. Furthermore, additionally conserved
amino acid sequence motifs that were previously found in
the C-terminal regions of CDF1–CDF3, which are Arabi-
dopsis group-A Dof factors involved in photoperiodic
ﬂowering (Imaizumi et al. 2005), but not in other Arabidopsis
Dof factors, were found in PpDof3 and PpDof4 (Fig. 1A,
boxes V and VI), suggesting that PpDof3 and PpDof4 may
be homologues of CDF1–CDF3. Another additional homol-
ogous sequence was found in PpDof1– PpDof4 (Fig. 1A,
boxes IV), suggesting that PpDof1 and PpDof2 are relatively
close to PpDof3 and PpDof4 rather than to PpDof5 and
PpDof6.
To clarify whether PpDof1–PpDof6 are functional genes,
their expression was examined by RT-PCR analysis. The
results indicated the PpDof1–PpDof6 are indeed expressed
in both the protonema and the gametophores (Fig. 1C).
Generation of ppdof1 and ppdof2 single disruptant lines
and ppdof1 ppdof2 double disruptant lines
As the ﬁrst step in addressing the biological functions of the
Dof transcription factors in P. patens, ppdof1 and ppdof2
disruptants were generated by targeted gene disruption
(Supplementary Fig. S1 at JXB online). In addition to two
independent lines of both ppdof1 disruptants (ppdof1-#1
and 1-#3 lines) and ppdof2 disruptants (ppdof2-#1 and 2-#2
lines), two independent ppdof1 ppdof2 double disruptant
lines were generated by further disruption of the PpDof1
gene in the ppdof2-#1 and ppdof2-#2 lines because of their
close relationship (Fig. 1A, B). By RT-PCR analysis in
these lines it was conﬁrmed that each gene disruption made
the corresponding intact transcript undetectable, and by
genomic Southern blot analysis it was conﬁrmed that there
was no insertion apart from at the intended locus (Supple-
mentary Fig. S1 at JXB online). However, two independent
lines were always analysed in this study to avoid potential
interference by somatic mutations or other unexpected events.
As consistent results were obtained in every experiment, the
data obtained from one line are presented as representative
results in this report.
Delayed or reduced gametophore formation in the
ppdof1 disruptant
To investigate the impacts of disrupting the PpDof1 and
PpDof2 genes, ﬁlament growth in the mutant lines was
monitored. Single protoplasts of each disruptant line were
cultured on regeneration medium for 4 weeks and then
further cultured on BCD medium supplemented with ammo-
nium and glucose, so that synchronized ﬁlament growth
could be induced from a single cell (Fig. 2). A reduced or
delayed formation of gametophores, which can be observed
as darker green spots, was found in the ﬁlamental colonies
of the ppdof1 disruptant lines that were cultured for 3 or
5 weeks. Furthermore, a difference was also found in the
peripheral parts of 9-week-old ﬁlamental colonies. The
colonies of the wild-type P. patens showed irregular bound-
aries probably due to growth of caulonemal ﬁlaments, while
the ppdof1 disruptants showed a smooth periphery. Game-
tophores were formed in the peripheral parts of 9-week-old
ﬁlaments of the wild-type P. patens, but fewer gameto-
phores were formed in those of the ppdof1 disruptant lines.
These phenotypes were only very weakly discernible in the
ppdof2 disruptant, and the phenotypes were comparable or
slightly more severe in the ppdof1 ppdof2 double disruptant
lines. These results suggest that the observed phenotypes are
more tightly linked with the function of PpDof1 rather than
with that of PpDof2.
Nutrient condition-dependent effects of the disruption
of PpDof1
To clarify the effects of the disruption of PpDof1 and
PpDof2 on the growth of ﬁlamentous colonies, the sizes of
the colonies were measured. As it is known that environ-
mental factors such as exogenously supplied sugar and
light inﬂuence the formation of caulonemal ﬁlaments the
radial growth of which expanded the protonemal colonies
(Olsson et al., 2003; Thelander et al., 2005), three different
media were used, namely BCD medium supplemented
with ammonium and glucose, BCD medium supplemented
with ammonium, and BCD medium. Abnormal ﬁlament
Translational start codons (ATG) and stop codons (TGA or TAG) are also shown. (C) Expression analysis by RT-PCR. Reverse
transcription reactions were performed in the presence (+) or absence (–) of reverse transcriptase using RNA prepared from
gametophores (G) and protonema (P). Transcripts of the a-tubulin gene (PpTUA2) (accession number AB096719) were detected as
a control.
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sizes of the protonemal colonies on BCD medium supple-
mented with ammonium and glucose (Fig. 3A). Although
this was not evident for the ppdof1 disruptants grown on
BCD medium supplemented with ammonium, this pheno-
type was observed again when using BCD medium. An
effect of the disruption of the PpDof2 gene was also found.
The sizes of the ppdof2 disruptant colonies were smaller to
those of the wild-type colonies when they were grown on
BCD medium. The sizes of the ppdof2 disruptant colonies
were comparable with those of the ppdof1 disruptant
colonies on BCD medium.
Given the observation of different shaped boundary
regions of the protonema (Fig. 2), the effects of the ppdof1
and ppdof2 disruption on the branching frequency were also
evaluated by counting the numbers of branches within the
ﬁrst to sixth cells from the tip of protonemal ﬁlaments
(Fig. 3B, C). It has been shown that the branching
frequency of ﬁlaments is also affected by both glucose and
light (Thelander et al.,2 0 0 5 ). Although only slight effects of
a difference in the nutrient composition of the medium on
the branching frequency could be observed using the wild-
type P. patens, it was found that the ppdof1 disruptants
showed reduced branching of the ﬁlaments, compared with
the wild-type P. patens. Furthermore, this effect was also
found to be dependent on nutrients in the medium, similar
to the effects on colony sizes. The effects of the ppdof2
disruption on the branching frequency were not apparent.
However, although the difference between branching fre-
quencies of the ppdof1 disruptants and the wild-type P. patens
was not statistically signiﬁcant when they were grown on
BCD medium supplemented with ammonium, the difference
between branching frequencies of the ppdof1 ppdof2 double
disruptants and the wild-type P. patens was statistically sig-
niﬁcant (P < 0.05) even on BCD medium supplemented
with ammonium. This might imply that PpDof1 and PpDof2
have a redundant role, although PpDof1 appeared to play
am o r ed o m i n a n tr o l e .
A modiﬁed ratio of chloronemal cells to caulonemal cells
in the ppdof1 protonema
Gametophores are formed through the development of
chloronemal apical cells into caulonemal cells, the differen-
tiation of caulonemal side branch initials into buds, and the
development of these buds into gametophores (Cove and
Knight, 1993; Cove, 2005). Taken together with the pheno-
type observed in the peripheral parts of 9-week-old pro-
tonemal colonies and colony sizes, it was speculated that
a delay in or repression of differentiation of the chloronema
into the caulonema might inﬂuence gametophore formation
in the protonema of the disruptants. Thus, the numbers of
chloronemal and caulonemal cells in the protonema that
were freshly formed from a single protoplast were counted
via a 3 d cultivation on regeneration medium and sub-
sequent 8 d cultivation on BCD medium supplemented with
ammonium and glucose (Table 1). The ppdof1 ppdof2 dis-
ruptants were used because they appeared to show more
severe phenotypes than the ppdof1 single disruptants (Figs 2,
3B, C). The results indicated that the ratio of chloronemal
Fig. 2. Altered morphology of protonemal colonies of ppdof disruptant lines. Colonies that were formed from a single protoplast of the
wild type (WT), ppdof1 or ppdof2 single disruptant line, and the ppdof1 ppdof2 double disruptant line were grown on regeneration
medium plates for 4 weeks and then on BCD medium supplemented with ammonium and glucose for the indicated periods, and
photographed. Scale bars¼3 mm.
3190 | Sugiyama et al.Fig. 3. Nutrient condition-dependent phenotype of the disruptant lines. (A) Areas of protonemal colonies that were initially grown on
regeneration medium for 4 weeks and then on BCD medium supplemented with ammonium and glucose (BCD+A+G), BCD medium
supplemented with ammonium (BCD+A), or BCD medium for the indicated periods after protoplast formation. Values are the means
6SD of three replicates. (B) Images showing the branching of protonemal ﬁlaments of wild-type (WT), ppdof1 or ppdof2 single disruptant
lines, and the ppdof1 ppdof2 double disruptant line. Scale bars¼200 lm. (C) The numbers of branches within six cells from the ﬁlament
top. These numbers were measured using protonemal colonies that were initially grown on regeneration medium plates for 4 weeks and
then on BCD medium supplemented with ammonium and glucose (BCD+A+G), BCD medium supplemented with ammonium (BCD+A),
or BCD medium for 3 weeks. Values are the means 6SD of 15 replicates. Asterisks indicate a statistically signiﬁcant difference (P < 0.05),
compared with the values obtained for wild-type P. patens.
Table 1. Ratios of chloronema cells to caulonema cells in the protonema
Growth medium Plant line Chloronema (%) Caulonema (%) Ratio (chloronema/
caulonema)
n
BCD+A+G WT 65.9 34.1 1.93 211
ppdof1 ppdof2 72.1 27.9 2.58 140
BCD+A WT 68.5 31.5 2.17 165
ppdof1 ppdof2 69.7 30.3 2.3 165
BCD WT 59.6 40.4 1.48 250
ppdof1 ppdof2 60.1 39.9 1.51 248
BCD medium supplemented with ammonium and glucose (BCD+A+G), BCD medium supplemented with ammonium (BCD+A), and BCD
medium were used for protonemal growth.
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was slightly higher than that in the wild-type P. patens
protonema when ﬁlaments were grown on BCD medium
supplemented with ammonium and glucose (Table 1).
PpDof1 and PpDof2 are transcriptional repressors
The activity of PpDof1 and PpDof2 as transcription factors
was investigated using protoplast transient assays. In the
initial experiment where the LUC reporter gene under the
control of the LexA-binding sites fused to the 35S minimal
promoter was co-transfected into protoplasts together with
expression vectors for the bacterial LexA DNA-binding
domain fused to PpDof1 or PpDof2, the expression of the
fusion proteins slightly repressed transcription (data not
shown). This suggested that PpDof1 and PpDof2 might be
transcriptional repressors. To test this possibility, a different
reporter construct in which eight copies of the LexA-
binding sites were inserted between the 35S enhancer and
the 35S minimal promoter was used (Fig. 4A). In this co-
transfection experiment, the LexA DNA-binding domain
fused to a transcriptional activation domain of herpes
simplex virus protein VP16 (LexA–VP16) activated tran-
scription, whereas the LexA DNA-binding domain fused
to the transcriptional repression domain of SUPERMAN
(LexA–SUPRD) repressed it. Both the LexA–PpDof1 and
LexA–PpDof2 fusion proteins also repressed transcription
to a similar extent to LexA–SUPRD (Fig. 4B), indicating
that PpDof1 and PpDof2 can function as transcriptional
repressors. Consistent with this transcriptional repressor
activity, PpDof2 fused to green ﬂuorescent protein was
found to be localized to nuclei, although the subcellular
localization of PpDof1 could not be conﬁrmed, probably
due to its low expression in protoplasts (Supplementary
Fig. S2 at JXB online).
The modiﬁed gene expression pattern in the ppdof
disruptants
Modulations in the gene expression patterns in the ppdof1
ppdof2 double disruptants were investigated using custom-
made DNA microarrays that contained probes for 35 938
independent transcripts and RNA prepared from protone-
mal colonies grown on BCD medium supplemented with
ammonium and glucose. Based on four independent sets of
array data, 34 genes and 91 genes were found to be up-
regulated and down-regulated >3-fold with statistical signif-
icance, respectively (Supplementary Tables S1, S2 at JXB
online). Although most of the identiﬁed genes encoded
proteins of unknown function, some up-regulated or down-
regulated genes encoded proteins for which the function has
been annotated. However, these annotated functions were
revealed to be very divergent, and no strong relationship
could be found between the up-regulated and down-regulated
genes and any particular physiological process.
Several of these differentially expressed genes were possibly
associated with energy synthesis or cell growth. For instance,
strongly up-regulated genes encoded chlorophyll a/b-binding
protein and a protein containing the cupin domain, which
is a conserved b-barrel structure found in transcriptional
regulators and metabolic enzymes (Dunwell et al., 2000).
The strongly down-regulated genes included genes for a
putative glycogen synthase, a glyoxal oxidase, and an ATP-
binding cassette (ABC) transporter subfamily G member.
Thus, modiﬁed expression levels of these genes in the
ppdof1 ppdof2 disruptant were analysed by quantitative
RT-PCR using RNA prepared from protonemal colonies
(Fig. 5). Consistent with the results of the DNA micro-
array analysis, the expression levels of all analysed genes
were consistently higher or lower in the protonema of the
ppdof1 ppdof2 disruptants grown on BCD medium supple-
mented with ammonium and glucose. Up-regulated and
down-regulated expression of these genes was also ob-
served in the protonema grown under the different nutrient
conditions.
Discussion
In the present report, structural and expression analysis
of the PpDof1–PpDof6 genes and functional analysis of
PpDof1 and PpDof2 were performed. The results revealed
that PpDof1–PpDof6 are members of the group A-type
Dof factors and that PpDof1 is a transcriptional repressor
involved in the regulation of the vegetative growth of
ﬁlaments in response to the environmental nutrient con-
ditions. PpDof2 was found to be another transcriptional
Fig. 4. Transcriptional repressor activity of PpDof1 and PpDof2.
(A) Reporter construct that harbours a LUC gene under the control
of eight copies of the LexA-binding site (83LexA site) located
between the 35S enhancer and the 35S minimal promoter.
(B) Transrepression assay. The reporter construct was co-transfected
into maize protoplasts, together with an internal control plasmid
and an effector plasmid for the LexA DNA-binding domain fused to
a MYC tag, a VP16 transcriptional activation domain, a repressor
domain for SUPERMAN (SUPRD), or full-length PpDof1 or PpDof2.
After normalization with the GUS activity derived from the internal
control plasmid, the relative LUC activity was calculated as the
means 6SD (n¼3). The relative LUC activity obtained with the
effector plasmid for the expression of LexA–MYC protein was
set at 1.
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characterizes Dof transcription factors in lower plants.
Importantly, the data indicate a novel function for the Dof
transcription factors that have not been previously de-
scribed in higher plants, and the function was suggested to
be associated with growth in response to carbon and
nitrogen sources in the media. PpDof1 might be a clue to
investigate the molecular mechanism underlying plant
growth control in response to the carbon/nitrogen balance
in the environment.
Fig. 5. Modiﬁed gene expression in the ppdof1 ppdof2 double disruptant line. Quantitative PCR analysis of transcripts of the putative
chlorophyll a/b-binding protein, cupin domain-containing protein, glycogen synthase, glyoxal oxidase, and ABC transporter subfamily
member (PpABCG8) genes (the locus tags are PHYPADRAFT_69453, PHYPADRAFT_167726, PHYPADRAFT_149648, PHYPA-
DRAFT_181837, and PHYPADRAFT_97018, respectively). RNA was prepared from protonemal colonies that were initially grown in
regeneration medium for 3 d after protoplast formation and then with BCD medium supplemented with ammonium and glucose
(BCD+A+G), BCD medium supplemented with ammonium (BCD+A), or BCD medium for 10 d. Values are the means 6SD of three
replicates relative to the transcript levels of the b-tubulin 1 gene (PpTUB1)( Holm et al., 2010). The expression levels of these genes in the
wild-type plants grown on BCD medium supplemented with ammonium and glucose were assigned a reference value of 1 unit. Asterisks
indicate statistically signiﬁcant differences (P < 0.05) compared with the values obtained for the wild-type protonema grown under the
same nutrient conditions.
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The structural analysis of P. patens Dof transcription
factors established PpDof1–PpDof6 as group A type and
suggested that PpDof3 and PpDof4 might be homologues
of Arabidopsis CDF1–CDF3, which are direct transcriptional
repressors for the promoter of the CONSTANS gene that
mediates the functions of the circadian clock and the control
of ﬂowering (Imaizumi et al.,2 0 0 5 ). Because the homologue
of the Arabidopsis CONSTANS gene has already been iden-
tiﬁed in P. patens (Shimizu et al.,2 0 0 4 ), the functional
analysis of PpDof3 and PpDof4 may provide new insights
into circadian clock-dependent regulation in plants. Further-
more, the ﬁnding of amino acid sequence motifs that are
conserved between Arabidopsis CDF1–CDF3 and PpDof3
and PpDof4 may offer a future opportunity to reveal the
molecular mechanisms underlying the transcriptional control
mediated by Arabidopsis CDF1–CDF3 and their homologues.
The relationships among PpDof1 and PpDof2 and PpDof5
and PpDof6 and other Arabidopsis group A-type Dof factors,
such as COG1 and three uncharacterized factors (AtDof1.3,
AtDof1.10, and AtDof2.3), remain unclear however due to
the lack of unique structural features that deﬁne their
identities. In the Arabidopsis cog1 mutant that was found
in an activation tagging pool, the enhanced expression of
the COG1 gene has been shown to lead to light-mediated
inhibition of hypocotyl elongation, implying a function for
COG1 in the negative regulation of phytochrome signalling
(Park et al.,2 0 0 3 ). Filament growth of the wild type and the
ppdof1 ppdof2 disruptant lines was therefore compared under
illumination with white, red, and blue light sources. No
signiﬁcant differences in growth under red light conditions
were found (data not shown), suggesting that the physiolog-
ical roles of PpDof1 and PpDof2 and Arabidopsis COG1
may be associated with two distinct regulatory pathways.
There are a few previous studies in which P. patens ortho-
logues of Arabidopsis transcription factors were analysed.
In the cases of GOLDEN2-LIKE and ABSCISIC ACID
INSENSITIVE3 that are involved in chloroplast develop-
ment and ABA signalling, respectively, P. patens homo-
logues of these factors have been shown to play similar roles
in P. patens (Yasumura et al., 2005; Marella et al., 2006).
In contrast, the transcription factor LEAFY has been
shown to play different roles in angiosperms and P. patens.
Arabidopsis and rice LEAFY help to deﬁne the ﬂoral fates
during the reproductive phase, which is a biological process
not present in P. patens, whereas LEAFY controls general
aspects of the life cycle in P. patens (Maizel et al., 2005;
Tanahashi et al., 2005). Hence, further analysis would be
necessary to clarify whether some group A-type Dof factors
play similar roles in both higher and lower plants.
Phenotypes of the ppdof mutant lines
It is shown that the disruption of the PpDof1 gene resulted
in decreased or delayed gametophore formation, the forma-
tion of smaller protonemal colonies, and a reduced fre-
quency of branching (Figs 2, 3). These phenotypes can be
caused by a delay in the differentiation of chloronemal cells
into caulonemal cells. Indeed, a modiﬁed ratio of chlorone-
mal cells to caulonemal cells was detected in the ﬁlaments of
the ppdof1 ppdof2 disruptants (Table 1). However, this
effect was not strong and was evident only in the ﬁlaments
grown on BCD medium supplemented with ammonium and
glucose. On the other hand, the formation of smaller
protonemal colonies and a reduced branching frequency
were observed for the ﬁlaments grown either on BCD
medium supplemented with ammonium and glucose or on
BCD medium (Fig. 3). This discrepancy might be because
the effects of the ppdof1 disruption are more evident at the
later stages of vegetative ﬁlamental growth. The chloro-
nema/caulonema ratio was measured at a very early stage of
ﬁlament growth (Table 1), whereas other phenotypes were
monitored at later stages (Figs 2, 3). Thus, it is speculated
that the more the colonies are grown, the more prominent
are the effects of the ppdof1 disruption (Figs 2, 3), although
the possibility that the effects of the ppdof1 disruption are
enhanced by environmental factors during a long period of
growth on plates cannot be ruled out.
The nutrient condition-dependent effects of the ppdof
disruptions
When the wild-type P. patens was grown on BCD medium
supplemented with ammonium, the colony size was smaller
than those of the wild-type P. patens grown on BCD
medium (Fig. 3A), indicating the repressive effect of
ammonium on expansion of colonies. In contrast, the
colony size of the wild-type P. patens was larger on BCD
medium supplemented with ammonium and glucose, com-
pared with that on BCD medium supplemented with
ammonium (Fig. 3A), indicating that sugar functioned
antagonistically against ammonia on the expansion of
colonies. These observations indicate the regulation of the
radial growth in response to carbon and nitrogen sources in
the medium. Because the effects of the ppdof1 disruption
were observed in the ﬁlaments grown on either BCD
medium supplemented with ammonium and glucose or
BCD medium (Figs 2, 3) but were not evident on BCD
medium supplemented with ammonium, a role for PpDof1
might be associated with promotion of radial growth under
the high carbon/nitrogen ratio conditions. The carbon/
nitrogen balance is also known to be one of the key factors
determining biomass and growth in higher plants (reviewed
in Ericsson, 1995). Furthermore, a recent study reported
identiﬁcation of a RING-type ubiquitin ligase that func-
tions in the carbon/nitrogen response in Arabidopsis (Sato
et al., 2009), suggesting the presence of the molecular
mechanism underlying plant growth regulation in response
to the carbon/nitrogen ratio in the environment. However,
the molecular mechanism remains to be elucidated in both
lower and higher plants. Thus, further analyses of PpDof1
and their possible counterparts in Arabidopsis (some
group-A Dof factors) might offer an avenue to elucidate
the mechanism. The effects of the disruption of ppdof2
were almost unrecognizable, but the ppdof2 disruptants
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Hence, PpDof2 might have some functional redundancy
with PpDof1, particularly under the growth condition
where ammonia is absent from the medium. This hypothesis
should be evaluated by further analysis.
Physcomitrella patens mutants displaying reduced or
delayed formation of the caulonema ﬁlaments
The reduced or delayed formation of the caulonema
ﬁlaments of the ppdof1 mutants is similar to the reported
phenotype of two P. patens mutants in which the metabolic
enzyme genes, PpHXK1 or PpSiR1, was disrupted. The dis-
ruption of PpHXK1, which encodes the major hexokinase,
results in the suppression of glucose-inducible caulonema
formation, suggesting that high energy growth conditions pro-
mote caulonema formation (Olsson et al.,2 0 0 3 ; Thelander
et al.,2 0 0 5 ). Repression of caulonema formation in the
presence of glucose in the ppdof1 mutant appears to be
similar to that in the hxk1 mutant. However, in the case of
the ppdof1 mutants, the phenotypes were not dependent
simply on the glucose supply but also on both the carbon
and nitrogen sources in the media. It is unlikely, therefore,
that PpDof1 is simply involved in regulation of the energy
supply, and the effects caused by the ppdof1 disruption
should be distinguishable from those caused by the hxk1
disruption. An additional P. patens mutant, DSiR1,i nw h i c h
one of three genes encoding sulphite reductase (PpSiR1)w a s
disrupted, also showed reduced formation of sporophytes
and caulonemal cells (Wiedemann et al.,2 0 1 0 ). Although
SiR is the sulphate metabolism enzyme that catalyses the
reduction of sulphite to sulphide, the knockout of the
PpSiR1 gene exerted minimal effects on sulphur metabo-
lism. Furthermore, this phenotype was not observed in the
DAPR and DAPR-B mutants, additional P. patens mutants
possessing a disrupted gene for 5’-phosphosulphate reduc-
tase in the sulphate assimilation pathway. The phenotype
of DSiR1 has been proposed to be independent of the
enzymatic activity of SiR1. In the case of the ppdof1
disruptant in the present study, reduced or delayed growth
of caulonemal ﬁlaments was found to be dependent on the
carbon and nitrogen source in the medium (Figs 2, 3).
Although this might suggest a connection between the role
of PpDof1 and carbon and nitrogen metabolism, no sig-
niﬁcant modulations were found in the analysed carbon and
nitrogen metabolite contents (data not shown). Hence, the
modulation of ﬁlament growth in response to the environ-
mental nutrient conditions is likely not to be caused not by
simple changes of metabolic balance but through a currently
unknown mechanism in the ppdof1 disruptants, similar to
the case of the DSiR1 mutant.
Differentially expressed genes in the ppdof mutants
A number of genes that were up-regulated and down-
regulated in the ppdof1 ppdof2 disruptants were identiﬁed
in the present analysis (Fig. 5; Supplementary Tables S1, S2
at JXB online), including not only genes for metabolic
enzymes but also a gene for a putative regulatory protein as
well as many genes encoding unknown proteins. Interest-
ingly, the genes whose expression levels were modiﬁed by
the ppdof1 ppdof2 disruptions were found to show the
expression pattern in response to the carbon and nitrogen
sources in the medium. Expression levels of the glyoxal
oxidase gene and the PpABCG8 gene in wild-type P. patens
were lower on BCD medium supplemented with ammonium
(the low carbon/nitrogen ratio condition) than on BCD
medium and BCD medium supplemented with ammonium
and glucose (the high carbon/nitrogen ratio condition).
Furthermore, their down-regulated expression levels in the
ppdof1 ppdof2 disruptants were comparable with or lower
than those in the wild-type P. patens grown on BCD
medium supplemented with ammonium. This may imply
that expression of these genes is associated with the pheno-
type of the ppdof1 ppdof2 disruptants and that PpDof1 (and
PpDof2) plays a role in promotion of ﬁlament growth on
high carbon/nitrogen media via modulations of gene ex-
pression. However, because it was shown that both PpDof1
and PpDof2 are transcriptional repressors, these down-
regulated genes are not the direct targets of PpDof1. Their
differential expression is probably a secondary response
caused by the modiﬁed expression of the direct targets of
PpDof1. Furthermore, it was found that the expression
levels of PpDof1 and PpDof2 are not affected by the carbon
and nitrogen sources in the media (Supplementary Fig. S3
on JXB online). Identifying direct targets of PpDof1 and
revealing post-transcriptional regulation of PpDof1 are
therefore of importance to reveal how PpDof1 exerts its
effects on the growth of ﬁlaments in response to environ-
mental nutrient conditions. The preliminary ﬁndings of
additional experiments implied that the genes for chloro-
phyll a/b-binding protein and a protein containing the cupin
domain were up-regulated in both ppdof1 and ppdof2
single disruptants, while the ppdof1 and ppdof2 disruptions
exerted different effects on the expression of other genes
analysed (data not shown). This suggests that detailed gene
expression analysis using single and double ppdof disrup-
tants might provide clues to clarify redundant and distinct
roles for PpDof1 and PpDof2 under different growth
conditions.
Supplementary data
Supplementary data are available at JXB online.
Figure S1. Targeted disruption of the PpDof1 and
PpDof2 genes.
Figure S2. Nuclear localization of PpDof2.
Figure S3. Expression levels of PpDof1 and PpDof2 in
protonemal colonies grown under different nutrient con-
ditions.
Table S1. Up-regulated genes in the ppdof1 ppdof2
disruptants.
Table S2. Down-regulated genes in the ppdof ppdof2
disruptants.
Table S3. Primers used for semi-quantitative and quanti-
tative RT-PCR analysis.
Roles of PpDof1 in P. patens | 3195Table S4. PCR primers used for the isolation of cDNA
and genomic clones and preparation of DNA probes for
genomic Southern blot analysis.
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